Most research in storm-scale numerical weather prediction has been focused on right-moving supercells as they typically lend themselves to all forms of high-impact weather, including tornadoes. As the dynamics behind splitting updrafts and storm motion have become better understood, differentiating between atmospheric conditions that encourage right-and left-moving supercells has become the subject of increasing study because of its implication for these weather forecasts. Despite still often producing large hail and damaging winds, leftmoving (anticyclonically rotating in the Northern Hemisphere) supercells have received much less attention.
Introduction
The basic theory of supercell storm splitting in an idealized environment is well understood. Given a straight-line hodograph representative of a unidirectionally sheared environment, substantial shear for supercells will ensure that both counterclockwise (cyclonic) and clockwise (anticyclonic) rotating updrafts are equally favored (e.g., Klemp and Wilhelmson 1978; Wilhelmson and Klemp 1978; Brown and Meitín 1994; Bunkers et al. 2000; Bunkers 2002 ). For typical upper-level wind patterns in the Northern Hemisphere, cyclonic (right moving) supercells are generally favored in any severe weather environment corresponding with a curved hodograph as winds tend to veer with height and strengthen especially in the lowest 3 km AGL (Davies-Jones 1985) . However, in cases with more straight-line or even counterclockwise-turning hodographs, anticyclonic rotation (i.e., left-moving supercells) may become favored (Bunkers 2002; Fig. 1) . Many instances of left-moving supercells have been documented over the years (e.g., Grasso and Hilgendorf 2001; Monteverdi et al. 2001; Bunkers 2002; Dostalek et al. 2004; Edwards et al. 2004; Edwards and Hodanish 2006; Smith et al. 2012) , whose primary severe weather threats include large hail and damaging winds.
However, tornadoes also have been shown to occur with left-moving supercells under ideal circumstances (e.g., Monteverdi et al. 2001) .
This research assesses whether or not a Warnon-Forecast (WoF) system (Stensrud et al. 2009 (Stensrud et al. , 2013 )-such as the NSSL Experimental WoF System for ensembles (NEWS-e)-can accurately forecast the evolution of both left-and right-moving supercells within an environment favorable for severe weather that occurred on 8 May 2016. The specific goal of this study was to determine the ability of the NEWS-e system to predict these storms between 2130 and 0030 UTC using forecasts initiated at 2130 and 2300 UTC covering the period from near convective initiation to after when the storms became well established. Following the introduction, section 2 describes various severe weather parameters used in this study. Section 3 discusses the WoF data assimilation and forecasting system, and section 4 discusses the evolution of storms on 8 May 2016. Section 5 describes the near storm environment for selected analysis times, while section 6 discusses short-term (90 min) updraft helicity (UH) forecasts from these analyses. Conclusions are provided in section 7.
Severe weather parameters
Several analysis and forecasting parameters have been developed that can be used to determine if an environment is conducive for rotating, supercell storms. One such parameter, storm-relative helicity (SRH), is related to the potential for midlevel rotation through tilting and stretching of vorticity by a storm updraft (Davies-Jones et al. 1990; Brooks et al. 1994; Dostalek et al. 2004) . Note that SRH can change in magnitude or sign owing to changes in the speed and direction of a storm's motion; thus, a storm motion to the left of the deep-layer shear vector typically implies that it ingests negative values of SRH. Low-level (0-1 km) SRH generally is positive because of (i) natural veering of the winds with height in warm-air advection regimes and (ii) strengthening of the wind with height as the impact of surface friction decreases. In cases where the veering ceases, SRH for the left-moving storm motion vector becomes negative, enabling deep-layer anticyclonic rotation to be sustained. The magnitudes of SRH suggesting "favorable" conditions for each direction of storm rotation may not be equal. In a sample of cyclonic and anticyclonic supercell environments, the median SRH for cyclonic supercells was 187 m 2 s -2 , while the median value for anticyclonic supercells was only -51 m 2 s -2 . To complicate matters, the median SRH was <150 m 2 s -2 for >25% of right-moving supercells and positive for >25% of left-moving supercells (Bunkers 2002) .
In addition to SRH, the supercell composite parameter (SCP) was created to further assess supercellsupportive conditions (Thompson et al. 2003 (Thompson et al. , 2004b . SCP represents a combination of convective available potential energy (CAPE), effective SRH (ESRH), and effective bulk wind difference (EBWD) over the lower half of the expected storm depth. When combined, these variables form a unitless parameter that measures the favorability of the environment for the formation and sustainability of left-and right-moving supercells. Values of SCP generally range between -20 and 20, with positive values being associated with right-moving supercells and negative values associated with leftmoving supercells.
UH is used as a proxy for tracking potential supercells in convection-permitting model output. It is calculated here using the ensemble mean layeraveraged relative vertical vorticity from the model levels between approximately 2 and 5 km and then multiplied by the individual layer depth (Kain et al. 2008) . This output has become increasingly utilized in storm-scale forecasting; however, UH is generally displayed in the form of maximum or positive-only values, characteristic of standard cyclonically rotating, right-moving supercell storms. The same method also works for anticyclonic rotation, but UH values become negative instead of positive. Thus, the magnitude of negative UH can be used to track anticyclonic rotation in much the same manner as it is currently used for cyclonically rotating storms.
Warn-on-Forecast system
This research uses the ensemble data assimilation system-described in detail by Wheatley et al. (2015) and Jones et al. (2016) (Benjamin et al. 2016) . The NEWS-e system was initialized at 1800 UTC each day using 3-h forecasts generated from the first 18 members of the HRRR-e. The NEWS-e system also is run at 3-km grid spacing, but over a smaller domain so that 15-min cycling was possible with available computing resources. Both the HRRR-e and NEWS-e systems have 51 vertical levels extending from the surface to 10 hPa. Different sets of WRF model physics options are applied to each ensemble member to introduce the required model spread (e.g., Stensrud et al. 2000) . All members use the Thompson cloud microphysics (Thompson et al. 2004a (Thompson et al. , 2008 ; no cumulus parameterization is applied on the storm-scale grid (Wheatley et al. 2015) . The NEWS-e system assimilates Weather Surveillance Radar-1988 Doppler radial velocity and reflectivity observations, Geostationary Operational Environmental Satellite (GOES)-13 satellite cloud water path (CWP) retrievals , and Oklahoma mesonet data. All available observations are assimilated at 15-min intervals continuously from 1800 until 0300 UTC the next day. For the 8 May event, emphasis is placed on the analysis and forecasts generated between 2130 and 0030 UTC covering the time during which convection initiated, supercell storms split, and most of the severe weather reports occurred. Forecast output is generated at 5-min intervals over the duration of the forecast period. Additional details concerning the NEWS-e system (including localization radii, additive noise, adaptive inflation, observation errors, and model physics) can be found in Wheatley et al. (2015) and Jones et al. (2016) . This system was successfully tested in real-time operations as part of the 2016 Hazardous Weather Testbed during May 2016, including the 8 May event discussed here (e.g., Jirak et al. 2014 ).
Observed storm evolution on 8 May 2016
To assess the ability of numerical weather prediction systems to forecast left-moving supercells, an event is required where the synoptic and mesoscale environment are favorable for their occurrence and appropriate data are available to analyze the developing convection. These conditions were met for an event on 8 May 2016 when several supercells developed along a dryline in western Oklahoma and Kansas in response to an incoming upper-level trough coupled with surface based CAPE (SBCAPE) in excess of 3000 J kg -1 . The first storm complexes (A, B) developed in far southwestern Oklahoma by 2130 UTC (Fig. 2a) , with additional development extending farther north by 2200 UTC that generated storm complexes C and D. (Fig. 2b) . By 2230 UTC, the southernmost cluster gave rise to a long-lived right-moving supercell (A1) that generated the sole tornado report associated with this event along with a swath of damaging wind (Fig.  2c) . The corresponding left-moving supercell (A2) generated several reports of severe hail [diameter ≥1.0 in (2.5 cm)], including one significant hail report [diameter ≥2 in (5.1 cm); Fig. 2b,c ; Table 1 ]. At 2300 UTC, another left-moving supercell, A3, split off A1 and proceeded to generate additional hail reports during the next hour (Fig. 2d) .
Out of the B complex, a storm split resulted in a right-moving supercell (B1) that quickly dissipated; however, a long-lived left-moving supercell (B2) eventually produced severe hail up to 7.0 cm (2.75 in) in diameter ( Fig. 2b-e ; Table 1 ). Along the Oklahoma/ Kansas border, a long-lived right-and left-moving pair formed (C1, C2), with both producing severe hail ( Fig. 2c-f) . The right-moving supercell (C1) eventually merged with the long-lived left-moving supercell (B2) in north-central Oklahoma (Fig. 2f) , and both dissipated shortly thereafter. Slightly farther north, one more right-and left-moving pair developed (D1 and D2), with the right-moving supercell (D1) merging into the left-moving supercell (C2) that was coming up from the Oklahoma/Kansas border, while the left-moving supercell (D2) produced significant severe hail up to 7.6 cm (3 in) in diameter ( Fig. 2c,d ; Table 1 ). Finally, an additional splitting storm complex (E1, E2) moved into the southwestern portion of the domain after 2230 UTC (Fig. 2c-f) . The left-moving supercell (E2) generated ≥2 diameter hail reports in southern Oklahoma before weakening after 0000 UTC. Note that left-moving supercells accounted for all three significant hail reports and >50% the total hail reports (Table 1) .
Environmental analysis a. 2130 UTC
The favorability of the modeled environment towards left-and right-moving supercells can be determined by analyzing the wind-shear characteristics generated by the model. Recall that convection developed by 2130 UTC in western and southwestern Oklahoma, representing the precursors to storm complexes A, B, and C (Fig. 2a) . Splitting of the developing convection into left-and right-moving supercells occurred over the next hour (Fig. 2c) . Each storm moved into a unique environment that was supportive of either or both storm types. Figure 3 shows the ensemble mean 0-3-and 0-1-km SRH and left-moving SRH (LSRH) for left-and right-moving supercells, respectively, at 2130 UTC 8 May over western Oklahoma and southern Kansas. Cyclonic (or right moving) SRH is calculated assuming a Bunkers storm motion of 7.5° right of the mean 0-6-km shear vector through the 0-6-km mean wind. LSRH is similar, but uses a storm motion 7.5° left of the mean shear vector. The model results show that the 0-3-km SRH is ≥100 m 2 s -2 over much of western Oklahoma and southern Kansas, with a band of >250 m 2 s -2 located in southern Oklahoma (Fig. 3a) . Thus, the entire region is moderately favorable for right-moving supercells, with the area in southern Oklahoma being the most favorable. The corresponding LSRH differs in that the absolute maximum (i.e., most negative) values are located in central Oklahoma and northward, with much lower values in southern Oklahoma (Fig. 3b) . Thus, long-lived left-moving supercells are possible in the northern half of the domain. To further understand the wind shear characteristics in various parts of the domain, hodographs and corresponding severe weather parameters were generated from the ensemble mean analysis at 2130 UTC for three locations (S1, S2, and S3; Fig. 4 ). These locations were selected to represent the near storm environment of storm complexes C/D, B, and A, respectively. Overall, the wind shear environment throughout western Oklahoma appears supportive of left-moving supercells with LSRH often ≤100 m 2 s -2 when assuming the Bunkers storm motions. At the northernmost location (S1), the overall wind profile above 1 km favors left-moving supercells with an LSRH of -211 m 2 s -2 , compared to an SRH of only 75 m 2 s -2 (Fig. 4a, Table 2 ). However, the 0-1-km wind profile remains weakly favorable for cyclonic rotation with an SRH of 38 m 2 s -2 , but with an LSRH of 0. Based on the wind shear at this location, left-moving supercells would be favored over their right-moving counterparts. However, the analyzed conditions still indicate the possibility of severe weather-producing right-moving supercells in this region. Farther south in central Oklahoma at location S2, the environment remains favorable for left-moving supercells, but also is increasingly favorable for rightmoving supercells with 0-3-km LSRH and SRH being -165 and 109 m 2 s -2 , respectively (Fig 4c, Table  2 ). Also, the 0-1-km wind shear is similar to that at location S1, being weakly favorable for cyclonic rotation. The southernmost location at S3 is located in the environment much more favorable for right-moving supercells. The change in hodograph curvature because of the stronger southwesterly ground-relative winds at S3 compared to the S1 and S2 locations reduces LSRH and increases SRH at these levels (Fig. 4e) . Also, 0-1-km SRH is larger (143 m 2 s -2 ), indicating a greater favorability of tornado-producing, rightmoving supercells. The corresponding 0-1-km LSRH is very small. Overall, the wind shear environment is most supportive of left-moving supercells in northern Oklahoma, while stronger, right-moving supercells are more likely to occur and persist in far southern Oklahoma.
Finally, it also is necessary to consider thermodynamic conditions in these regions to determine whether or not convection is likely to develop and persist in regions otherwise favorable for left-and right-moving supercells. At all profile locations, SBCAPE exceeds 3000 J kg -1 with little convective inhibition (CIN), indicating an atmosphere primed for the severe convection (Table 2 ). Figure 5a shows SCP, which combines wind-shear and instability parameters into a single variable that represents the favorability of the atmosphere for right-moving supercells. At 2130 UTC, the ensemble mean SCP is maximized in southern Oklahoma with values in excess of 15 (Fig. 5a ). Farther north, SCP is much smaller in the vicinity of developing storm complexes B and C. For anticyclonic, or left-moving SCP (LSCP), negative values indicate an environment conducive for left-moving supercells. The highest absolute values of LSCP are located in a small region in southwestern Oklahoma, with local maximums that are likely enhanced by convective cold pools and/or subtle storm boundaries that may be less representative of the overall environment (Fig. 5b) . Larger areas of negative LSCP are present in a zonal band along the dryline just north of the area of highest SCP, with another region of enhanced negative LSCP present in far northern Oklahoma and southern Kansas.
b. 2300 UTC
Several changes to the environment occur by 2300 UTC that impact the evolution of the convection. Both 0-3-and 0-1-km SRH increase over most of the domain compared to 2130 UTC, indicating additional favorability towards right-moving supercells (Fig.  6a,c) . The greatest SRH is again located in southern Oklahoma near and ahead of storm complex A while LSRH has decreased in most areas (Fig. 6b,d ). Some areas of high LSRH remain, especially to the northeast of left-moving supercells A2, A3, and B2. This is evident from analyzing ensemble mean hodographs at locations S4 and S5 (Fig. 4b, d ). Location S4 represents the near storm environment associated with B2 with an LSRH of -180 m 2 s -2 , but only an SRH of 106 m 2 s -2 . As before, the 0-1-km wind shear favors cyclonic rotation while the 1-3-km shear is more favorable for anticyclonic rotation (Fig. 4b) . A similar pattern exists in the environment around storms A2 and A3, which is shown by the hodograph at S5 (Fig. 4d) . Here, the 0-1-km wind shear is much more pronounced with an SRH value of 152 m 2 s -2 (Table 2) . Above 1 km, shear becomes favorable for anticyclonic rotation again with LSRH of -154 m 2 s -2 whereas SRH is only 141 m 2 s -2 . Both A2 and A3 form and persist in this environment. The locations of S4 and S5 are close enough to the storms that the analyzed LSRH may be increased over the background value owing to an increase in the surface wind speeds from storm inflow. The most favorable environment for cyclonic supercells remains in southern Oklahoma, with location S6 placed east of the tornado-producing right-moving supercell (A1, Fig.  4f ). The hodograph shows an environment much more favorable for low-level cyclonic rotation in the lowest 1 km of the atmosphere. Both 0-1-and 0-3-km SRH exceed 350 m 2 s -2 , which is more than adequate for tornado development (e.g., Davies-Jones et al. 1990 ).
The overall atmospheric conditions indicated by the SCP and LSCP paint a similar picture. At 2300 UTC, the SCP has increased substantially over much of Oklahoma with values in southern Oklahoma exceeding 15 in many places (Fig. 5c) . The corresponding LSCP has decreased to near zero in many areas except near regions of large LSRH and on the north side of the E complex. In the case of storm complex E, there are multiple storm cells and leftover boundaries from the previous storms that result in non-continuous LSCP values.
Short-term forecasts
Assessment of the model environment at 2130 and 2300 UTC indicates regions where left-and right-moving supercells may occur. To determine the capability of the NEWS-e system to forecast splitting supercells, 3-h forecasts of reflectivity and UH were calculated for the first 18 ensemble members beginning at 2130 UTC, followed by 90-min forecasts beginning at 2300 UTC. Figure 7a shows the probability of simulated composite reflectivity >40 dBZ for the 3-h forecast period beginning at 2130 UTC. In northern Oklahoma and southern Kansas, several northeastward-moving reflectivity swaths are present associated with storm complexes C and D. At least one north-northeast swath Jones and Nixon NWA Journal of Operational Meteorology 5 September 2017 is present that roughly corresponds to C2. Farther south, a lower probability reflectivity swath exists associated with storm complex B with both left-and right-moving supercells evident. In southern Oklahoma, only a short northeastward-moving swath is present with no sign of splitting. To determine the rotational characteristics of these storms, the ensemble mean 2-5-km UH at 5-min intervals for the duration of each forecast is shown in Fig.  7b . The tracks of both cyclonically and anticyclonically rotating supercells are evident in several locations. In northern Oklahoma and southern Kansas, both leftand right-moving supercells are present and roughly corresponding to storm complexes C and D; these persist for the duration of the forecast in this region. Farther south, a single splitting supercell is forecast in central Oklahoma corresponding to complex B, with both left-and right-moving supercells being maintained for the duration of the forecast. In reality, only the leftmoving supercell persisted out to 2300 UTC (Fig. 2) . In northern Oklahoma, a splitting supercell was forecast to form, but both members dissipated in the model after 45 min. However, the model has yet to analyze any convection at this time, so its ability to develop the correct convective mode on its own is seen as a very positive result.
By 2300 UTC, convection associated with each storm complex except E is now analyzed by the model, with many 90-min reflectivity swaths with >80% probability present (Fig. 7c) . In southern Kansas, several north-northeastward-moving tracks are present associated with storms C2 and D2. C1 also is evident, but with lower probabilities. Farther south, additional north-northeastward-moving tracks associated with B2 and A3 also are present. Finally, A1 also is analyzed in southern Oklahoma. Both left-and right-moving UH tracks are forecast in northern Oklahoma and southern Kansas corresponding to storm complexes C and D, and negative UH tracks associated with both C2 and D2 also are evident (Fig. 7d) . The negative UH track associated with B2 also is well forecast, with the corresponding right-moving supercell now gone from the model forecast. A2 is rather poorly analyzed and has no corresponding negative UH track. Finally, A1 continues to exhibit a well-defined positive UH track that passes near the single tornado report of the event at 0003 UTC 9 May. Finally, no UH tracks were forecast corresponding to storm complex E. This storm was located near the southern boundary of the domain and was poorly initialized throughout the period. By 0000 UTC, left-moving supercells A2, A3, and B2 were all weakening rapidly as they moved into central Oklahoma (Fig. 2f) -where convective inhibition increased. Forecasts tended to extend the UH tracks somewhat past the actual time of dissipation for both left-and right-moving supercells. Overall, the splitting characteristics of the remaining storm complexes were well forecast at both times and were generally consistent with the analyzed atmospheric conditions.
Conclusions
Overall, the goal of this study was to determine if the NEWS-e system could produce accurate forecasts of cyclonic and anticyclonic supercells for an event on 8 May 2016 and to determine if the simulated supercells fit within our current scientific understanding of the synoptic and mesoscale environment that produces them. The 8 May 2016 event featured a very clear-cut evolution of long-lived splitting supercells, making it an ideal event for which to conduct this study. Examined alongside modeled hodographs and environmental maps, the model's "choice" in sustaining left-and rightmoving supercells could often be explained with various SRH and storm composite parameters for right or left motion similar to those examined in previous studies. In general, right-moving supercells were favored in modeled environments with high right-moving SRH and left-moving supercells in regions of highly negative LSRH.
Probabilistic reflectivity and ensemble mean UH forecasts showed a generally accurate prediction of the occurrence of splitting supercells-even prior to the time that convection had been fully assimilated into the model analysis. Once enough assimilation cycles had occurred so that convection was fully analyzed, the forecast tracks of supercells from reflectivity and UH became much more defined. Analyzing the model's output qualitatively and at a detailed level proved to be an effective way to determine the performance of the NEWS-e system, which is a vital step in the process of verification and understanding strengths, Figure 7 . Probability of simulated composite reflectivity >40 dBZ for 3-h forecasts beginning at 2130 UTC (a) and 90-min forecasts beginning at 2300 UTC (c). Black contours in (a) and (c) indicate location of MRMS composite reflectivity >40 dBZ for the duration of the forecast period. Note that the contours for storms A and E overlap each other. Ensemble mean 2-5-km updraft helicity (UH, m 2 s -2 ) forecasts beginning at 2130 UTC (b) and 2300 UTC (d) with the ensemble mean simulated composite reflectivity >25 dBZ shown at the analysis time. Severe weather reports covering the duration of the forecasts (blue = wind, green = hail, and red = tornado) are shown in panels (b) and (d). Letters denote individual storm complexes as in Fig. 2. weaknesses, and biases. For this case, the NEWS-e generated the environment favorable for left-and right-moving supercells, and accurately predicted the location and movement of resulting supercells within that environment.
